• Micro-dimple imprinting method is explored and adopted • Relationship between plastic deformation capacity and curing degree is investigated • Instantaneous micro-imprinting method is exploited • Forming precision of instantaneous micro-imprinting can surpass 90% Abstract Nano/micro-imprinting technology based on polymer material coating has attracted increased attention throughout the world in the past several decades, and it is at present progressively developing into a hot topic, in which how to improve the manufacturing efficiency is becoming the urgent issue to be resolved. Polymer's curing process is exactly complicated and sophisticated, which involves simultaneously performing physical and chemical changes, when the curing reaction reaches certain level, the system will abruptly transform into insoluble, non-melting gel with rapidly increased viscosity and rigidity, which can generate fixed deformation under persistent external pressure. In this paper, the plastic deformation capacity of epoxy resin in the curing process is investigated by the micro-dimple imprinting experiment, and the relationship between forming precision and curing degree is ascertained adopting the DSC (differential scanning calorimetry) method. In addition, the instantaneous micro-imprinting technology based on the micro-grooves is explored, and the experimental results indicate that the forming precision can surpass 90%. The paper will establish a novel avenue for application of the nano/micro imprinting technology into practical engineering.
fluid engineering applications, such as natural gas pipelines, navigation, agriculture, industry, airplanes, everyday life, etc. [1] [2] [3] . It has been illustrated that bio-inspired micro-structured morphology has the apparent drag-reducing effect in turbulence with smooth skin as baseline [4, 5] . Expanding the applications of bio-inspired drag-reducing technology to coating surfaces is an effective way to reduce friction force and conserve resources. Traditional imprinting methods with micro-textures have been explored and investigated comprehensively; however, for the purpose of holding the perfect forming effect, long duration with persistent external pressure is imperative [6] . This can lower the manufacturing efficiency and restrict the practical engineering applications; there-fore, new and feasible manufacturing ways should be researched further.
For the current nano/micro imprinting methods, the time-points exerting pressure on semi-cured coatings are not concentrated into the short time-zone [7--9] , and the consequence is that the duration should be very long to maintain the high forming precision. Reducing the duration for improving the manufacturing efficiency has thus developed into an urgent problem. If the duration could be condensed into the time of polymer padding into the hollows of the mold, while obtaining satisfactory forming precision after curing, the manufacturing efficiency will improve greatly with good machining quality. Therefore, ascertaining the most appropriate time-points to exert instantaneous pressure on the semi-cured coating in the curing process is a critical issue. In this article, the relationship between forming precision and curing degree is investigated by the micro-dimple imprinting experiment, and the instantaneous micro imprinting technology is preliminarily explored adopting the micro-grooved mol. The results show that when the curing degree is located into 0.8-0.9, the coating has the best plastic deformation capacity, and forming precision can be more than 90%.
MATERIALS AND METHODS

Curing of epoxy resin
The curing and cross-linking mechanism of thermosetting epoxy resin is very complex and intricate. The chemical kinetics and physical interactions both exist in the curing process [10] [11] [12] , which has so far not been understood thoroughly. The phenomenological method is the most popular and commonly adopted in studying epoxy resins. The following semiempirical formula, which has laid the basic foundation to investigate the curing mechanism of epoxy resin, has been applied widely [13] :
where: α is the curing degree, t is the duration time, A 0 is the frequency factor, E a is the activation energy, R is the universal gas constant, T is the absolute temperature, and n is the reaction cardinal number.
The epoxy resin used in this paper (AW-01 epoxy resin) can be cured completely at temperature higher than 30 °C. SEM images of the epoxy resin coating at curing temperatures 40-100 °C are shown in Figure 1a -d. It can be seen that the internal structure of the epoxy resin cured at 45 °C is more meti- culous than that cured at 95 °C. In order to validate the wear property, wearing experiments were conducted on an SRV machine (produced in Germany). The schematic drawing and key parts of the tester are shown in Figures 2 and 3 . In the experiment, the force exerted on the smooth steel ball was 25 N, the stroke of the rectilinear reciprocating movement was set as 1.6 mm, the frequency was 15 Hz, and the wear scars corresponding with the internal structures are illustrated in Figures 1a-1d . It can be concluded that with decreasing curing temperature, the width of wear scars drops from 2.51 to 1.87 mm, which implies that the anti-wear property of epoxy resin is gradually improved. Additionally, finer structures can enable better mechanical and chemical properties, such as anti-corrosion, tensile strength, anti-acid, hardness, roughness, etc. [14] [15] [16] . Therefore, the curing temperature of 45 °C was used in this paper. 
Micro-dimple imprinting
To ascertain the plastic deformation capacity of epoxy resin at different time-points, the micro-dimple imprinting experiment is designed and as shown in Figure 4 . The system was comprised of parallel light, coating sample, substrate, convex lens imaging system, displaying screen, rigid probe, etc.
The basic steps of the micro-dimple imprinting experiment are as follows: 1) exerting instantaneous displacement on the semi-cured coating surface by the rigid probe; 2) epoxy resin coating gradually becomes cured; 3) measuring the depth of microdimple by the precise scanning method. The forming precision of the imprinting experiment is defined as the ratio of depth of micro-dimple and instantaneous displacement. The feeding displacement of rigid probe can be exactly exerted by the screw rotation with the precision of 1 μm. In the experiment, the epoxy resin is covered on the plat aluminum substrate by the airless spraying method, and the depth of liquid film is 300 µm, which can be measured by the liquid film gauge, as shown in Figure 5 . The threedimensional morphology and parameters on cured epoxy resin coating can be obtained by the highly precise scanning, as shown in Figure 6a -c. The obtained results from experiments in which the curing temperature is fixed at 45 °C and duration is varied are displayed in Table 1 . It can be concluded that with increasing duration, the forming precision first increases and then decreases gradually. Moreover, the maximum of forming precision can be greater than 90%.
Differential scanning calorimetry (DSC)
For studying the properties and characteristics of epoxy resin system more comprehensively, the kinetics of the curing reaction were monitored by a differential scanning calorimeter (DSC) and investigated by the constant heating method, which is an important basis of composite materials forming technology and can supply the basic theoretical foundation [18] [19] [20] [21] [22] .
DSC is the most popular phenomenological method to explore and investigate the curing kinematics of epoxy resin, which mainly involves two operation models: isothermal DSC and dynamic DSC [23, 24] . The isothermal DSC can obtain the reaction heat at some certain temperature, the dynamic DSC can obtain the reaction heat (ΔH total ) or the residual reaction heat (ΔH res ). In addition, the glass transition temperature can be measured by the shift of the baseline. The isothermal DSC experiment was conducted at 45 °C.
RESULTS AND DISCUSION
Relationship between different parameters
When the forming precision is greater than 90%, it can be regarded as the best plastic deformation capacity. The relationship between forming precision, curing degree and heat flow is shown in Figure 7 , indicating that the best plastic deformation corresponds to the curing degree (α) range of 0.8-0.9. Furthermore, with increasing curing degree, the forming precision first increases and reaches a maximum, and then decreases. The measured hardness of semi-cured coating fitting to exert the external pressure varied from 68-72 HA (Figure 8 ).
Exploration on instantaneous micro-imprinting technology
Bio-inspired micro-structured surfaces have an apparent drag reduction effect in turbulent flowing conditions [25] [26] [27] [28] [29] , and have extensively been put into application in fluid engineering [30, 31] . However, the practical applications are limited by the manufacturing efficiency to some extent. The instantaneous microimprinting technology with micro-grooved mold is preliminarily exploited to improve the manufacturing efficiency according the aforementioned conclusion. If the operating time is not enough, the polymer will not fill the hollows of the mold completely [32] . Meanwhile, if the operating time is too long, the imprinting efficiency will be affected and restricted. The equation for shortest duration required for filling the hollows completely has been derived by Heyderman [33] : Figure 6 . Three-dimensional morphologies on cured epoxy resin coating. In the experiments, the operating time was about 1 s, which was greater than the filling time and much less than that of available imprinting. The images of micro-grooved mold and cured micro-structured coating morphology are shown in Figure 9a and b, and the cross section curves are illustrated in Figure 10a and b. It can be seen that the depth and semi-width of micro-grooved mold were 41.4 and 95.3 µm, and those of the coating surface were 38.3 and 95.3 µm, respectively. From the forming precision analysis (Figure 11 ), it can be concluded that the forming errors only exist in the vertical direction (forming precision can be more than 90%, 38.3/414×100 = = 92.5%), and there is no error in the horizontal direction. 
CONCLUSIONS
In this paper, the relationship between plastic deformation capacity and curing degree was investigated by the micro-dimple imprinting experiment, and the following conclusions can be drawn: 1) When the curing degree is located in the range of 0.8-0.9, the forming precision can be greater than 90% and the epoxy resin has the best plastic deformation capacity.
2) The relationships between forming precision, curing degree and heat flow rate are ascertained for the first time. With increasing curing degree, the forming precision first increases and reaches a maximum, and then decreases.
3) The instantaneous micro-imprinting technology adopting the micro-grooved template was preliminarily explored, and the experimental results showed that it has good forming effect and quality. The forming precision in the horizontal direction is about 100%, and the forming precision in the vertical direction is greater than 90%. 
